Biomineralization is an extremely efficient biologically guided process towards the advancement of nano-bio integrated materials. As a prime module of the natural world, enzymes are expected to play a major role in biogenic growth of inorganic nanostructures. Although there have been developments in designing enzyme-responsive nanoparticle systems or generation of inorganic nanostructures in an enzyme-stimulated environment, reports regarding action of enzymes as reducing agents themselves for the growth of inorganic nanoparticles still remains elusive. Here we present a mechanistic investigation towards the synthesis of metal and metallic alloy nanoparticles using a commonly investigated enzyme, Jack bean urease (JBU), as a reducing as well as stabilizing agent under physiological conditions. The catalytic functionality of urease was taken advantage of towards the development of metal-ZnO core-shell nanocomposites, making urease an ideal bionanoreactor for synthesizing higher order nanostructures such as alloys and core-shell under ambient conditions. I norganic nanoparticles are considered potential structural building blocks for new functional materials [1] [2] [3] [4] [5] . As many of the properties of these materials depend on the size, shape and composition of the building blocks, exploration of facile and efficient methods for design and fabrication of such structures is critically important. Biomolecule-directed growth of inorganic nanoparticles has evolved as an area of intense research owing to the capability of biomolecules in synthesis and assembly of inorganic nanostructures under benign conditions such as room temperature and in aqueous medium. Several biomolecules such as proteins, peptides, DNA and RNA have been used as templates for the growth and design of nanoparticle ensembles 6-15 taking advantage of their various and distinctive molecular structures, specificities, functionalities and versatility in recognition and assembly. In this regard, development of simple preparative protocol through biogenic routes towards the synthesis of higher order nanostructures such as metallic alloys and core-shell compositions is potentially appealing as environmentally friendly alternatives to harsh chemical methods.
Biomineralization is an extremely efficient biologically guided process towards the advancement of nano-bio integrated materials. As a prime module of the natural world, enzymes are expected to play a major role in biogenic growth of inorganic nanostructures. Although there have been developments in designing enzyme-responsive nanoparticle systems or generation of inorganic nanostructures in an enzyme-stimulated environment, reports regarding action of enzymes as reducing agents themselves for the growth of inorganic nanoparticles still remains elusive. Here we present a mechanistic investigation towards the synthesis of metal and metallic alloy nanoparticles using a commonly investigated enzyme, Jack bean urease (JBU), as a reducing as well as stabilizing agent under physiological conditions. The catalytic functionality of urease was taken advantage of towards the development of metal-ZnO core-shell nanocomposites, making urease an ideal bionanoreactor for synthesizing higher order nanostructures such as alloys and core-shell under ambient conditions. I norganic nanoparticles are considered potential structural building blocks for new functional materials [1] [2] [3] [4] [5] . As many of the properties of these materials depend on the size, shape and composition of the building blocks, exploration of facile and efficient methods for design and fabrication of such structures is critically important. Biomolecule-directed growth of inorganic nanoparticles has evolved as an area of intense research owing to the capability of biomolecules in synthesis and assembly of inorganic nanostructures under benign conditions such as room temperature and in aqueous medium. Several biomolecules such as proteins, peptides, DNA and RNA have been used as templates for the growth and design of nanoparticle ensembles [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] taking advantage of their various and distinctive molecular structures, specificities, functionalities and versatility in recognition and assembly. In this regard, development of simple preparative protocol through biogenic routes towards the synthesis of higher order nanostructures such as metallic alloys and core-shell compositions is potentially appealing as environmentally friendly alternatives to harsh chemical methods.
Enzymes, a key ingredient of the bio-systems, have been subject of particular attention in nanoparticlebiomolecule interaction studies, where nanoparticles function as enzyme responsive systems. The chemical or electrostatic attachment of enzymes to the nanoparticles has resulted in enhancement, retention or inhibition of catalytic activity of the enzyme [16] [17] [18] [19] [20] [21] [22] that inspired the design of enzyme biosensors. On the other hand, the spatially confined environment of enzymes could be anticipated to facilitate the crystallization of inorganic materials with nanometer precisions [23] [24] [25] . There have been several reports of enzyme stimulated synthesis of metallic and metal oxide nanoparticles, where the product of an enzyme catalyzed reaction facilitates the formation of nanoparticles [23] [24] [25] [26] [27] [28] [29] . For instance, oxidases such as glucose-oxidase (GOx) catalyze oxidation of glucose producing H 2 O 2 that acts as a reducing agent for the synthesis of Au nanoparticles 26 , resulting in the developement of an optical detection path for enzyme activity and sensing of glucose. Similarly, E-coli Glutathione Reductase catalyzes the NADPH-dependent reduction of HAuCl 4 , leading to the formation of Au nanoparticles at its active site 28 . However, paucity of literature is evident with respect to studies in which the enzymes can act both as reducing agent as well as stabilizers for metal nanoparticles. Until now, only a-amylase has been demonstrated as a pure enzyme that could generate Au nanoparticles from its corresponding salt 30 . Understanding the mechanism of the reduction capability of enzymes is not only critical to take full advantage of the nanoscale materials but also in studies related to structural alteration of enzymes that has profound influence on its kinetics.
Herein, we report the biogenic mineralization of metallic nanoparticles such as Au, Ag and Pt and their alloys using urease from jack bean plant (Canavalia ensiformis) as the reducing agent and stabilizer in water under mild conditions. Further the catalytic activity of the enzyme was exploited in order to synthesize metal and ZnO core-shell nanostructures at room temperature (Figure 1 ). To the best of our knowledge, the present work demonstrates for the first time that enzymes can be envisaged for the synthesis of alloys or core-shell nanostructures. Significantly, this is achieved in water under physiological conditions, thus expanding the current paradigm for biogenic nanoparticle synthesis with precisely controlled size and composition.
Results
The simple synthetic procedure of incubation of JBU (2 mg/ml) with HAuCl 4 (5.5 3 10 24 M) in presence of K 2 CO 3 in water at its optimal pH 7.4 and 37uC yielded a very stable red sol signifying the formation of Au nanoparticles. Similarly when AgNO 3 or H 2 PtCl 4 was reacted with urease under similar reaction conditions, Ag and Pt nanoparticles were formed. The Au and Ag nanoparticles exhibited their plasmon resonance bands at 522 nm and 412 nm respectively as shown in Figure 2a . From transmission elctron microscopy (TEM) studies, the average diameter of Au nanoparticles was found to be 8.9 6 1.6 nm (Figure 2b ), while the mean size of Ag and Pt nanoparticles were found to be 4.1 6 1.2 nm and 2. Figure S9) . The high resolution TEM image in Figure 2c revealed the lattice fringe of the (200) face of Au. It is worth mentioning that the nucleation and growth kinetics of the nanoparticles and the position of the plasmon resonance band depended very much on the reaction conditions. For example, while K 2 CO 3 was used to adjust the pH of the medium, the Au nanoparticles were formed within 6 hours and the plasmon resonance peak appeared at 522 nm. On the other hand, when the nanoparticles were synthesized in Phosphate buffer saline (PBS) at pH 7.4, the nanoparticle formation required approximately 48 hours with the appearance of a plasmon resonance peak at 537 nm (Supplementary Figure S10) . TEM images of Au nanoparticles in PBS showed substantial agglomeration, (Supplementary Figure S11) justifying the red shift in the plasmon resonance peak compared to those synthesized in presence of K 2 CO 3 . The increased ionic strength of the medium might have led to the agglomeration of the Au nanoparticles synthesized in PBS as previously reported 34 . The sizes of all the metallic nanoparticles (Au, Ag and Pt) synthesized using urease are well in accordance with the sizes of the nanoparticles synthesized using biosynthetic routes involving natural reducing agents. For example, synthesis of Au nanoparticles with an average particle size of 8.3 6 2.6 nm using (HRE) -Sub E virus, spherical Ag nanoparticles of average diameter 5.3 nm using natural hydrocolloid gum kondagogu and Pt nanoparticles having average size of 2.2 nm using natural wood have been reported [35] [36] [37] . Next, we explored the possibility of synthesizing metallic alloy nanoparticles using urease as a reducing agent. The incubation of the enzyme with two metal salts such as HAuCl 4 and AgNO 3 led to the formation of AuAg alloy nanoparticles in water at ambient temperature. When 151 molar ratio of HAuCl 4 and AgNO 3 was added in the reaction medium, the resulting nanoparticles showed a plasmon resonance peak at 476 nm, depicting the formation of Au 0 . 5 (Figure 2f ) showed twins and stacking faults in most of the particles, probably due to high internal strain energy existing in these particles 39 . Energy dispersive X-ray (EDX) analysis confirmed the presence of both Au and Ag in the alloy nanoparticles ( Figure 2g ). We successfully extended this methodology towards the formation of other metallic alloys such as AgPt and AuPt nanoparticles ( Supplementary Figures S13-S15 ).
The conjugation of nanoparticles with enzyme often leads to the alteration of its activity 21 . In case of urease, the increased pH of the medium is a good indicator for the measurement of enzyme activity, primarily, due to the liberation of ammonia by the hydrolysis of urea by urease. Ammonia molecules react with water to form ammonium hydroxide that subsequently dissociates to form hydroxide ions resulting in the net increase in the solution pH. As shown in Figure 3a , the decomposition of urea by the native urease led to a pH increase of the medium from 6.9 to 9.0 whereas the Au nanoparticle-urease composite (as synthesized by the reduction of the metal salt with urease) could increase the pH from 6.8 to 7.7, thus indicating a decrease in the enzyme activity. These results were further confirmed using a colorimetric assay, where the solution pH increase was monitored by a pH sensitive dye, bromocresol purple (Supplementary Figure S16) . Notably, denatured urease (enzyme heated at 90uC for 30 minutes in water) could not increase the pH of the medium. For understanding the role of Au nanoparticles in modulating enzymatic activity of urease, citrate stabilized Au nanoparticles were functionalized with urease and the activity of the enzyme was monitored by the pH change of the medium while decomposing urea. The pH of the medium increased from 6.9 to 9.1, clearly indicating that mere functionalization of Au nanoparticles separately synthesized had no distinct impact on the enzyme activity. However, during the process of reducing the metal salt to form Au nanoparticles, urease had some loss of activity, although it was not completely denatured. From these results, it was predicted that there could be some conformational changes and chemical modifications in urease during the synthesis of metal nanoparticles resulting in partial inhibition of the enzyme function.
The conformational studies were performed by fluorescence spectroscopy using 1-anilino-8-naphthalene sulfonate (ANS) as an extrinsic probe, as reported earlier for protein studies 40 . ANS is highly
Figure 1 | Synthesis of metal@ZnO core-shell nanostructures using urease as a template.
Step 1: Synthesis of metallic nanoparticles using urease both as reducing as well as stabilizing agent.
Step 2: hydrolysis of urea by the nanoparticle-enzyme composite led to the increase in pH around the enzyme due to production of ammonia that catalyzed the growth of ZnO shells around the metal nanoparticle-enzyme composite. fluorescent in hydrophobic environment such as interior of an enzyme, but has very low quantum yield in water. Upon unfolding, the intensity will decrease as ANS will be released from the hydrophobic interior of the enzyme into the surrounding medium. Predictibly, as shown in Figure 3b , the emission intensity of ANS at around 490 nm was quenched and blue-shifted to around 470 nm, when urease was involved in the formation of Au nanoparticles. The quenching of ANS emission might be due to two factors: (i) unfolding of urease during reduction and subsequent binding to the Au nanoparticle surface (ii) energy transfer from the ANS donor to the Au nanoparticle acceptor as the emission wavelength of ANS matches with the surface plasmon resonance band of Au nanoparticles. In order to confirm this, we performed a controlled experiment in which urease solution was incubated with ANS and citrate capped Au nanoparticles (maintaining the HAuCl 4 concentration same as used in the urease reduction). The fluorescence results (Figure 3b) showed that the emission intensity of ANS was indeed quenched by the Au nanoparticles with a change in line-shape signifying the energy transfer 40 . However the quenching was not as much as observed for the urease reduced Au nanoparticles, suggesting that both energy transfer as well as partial unfolding of urease contributed to the emission quenching of ANS.
To get a further insight into the conformational change of the enzyme, Circular Dichroism (CD) and FTIR studies were performed. The CD spectrum of native urease and Au NP-urease is shown in Figure 3c . The decrease in the a-helical content of a protein, which indicates the unfolding of the protein, can easily be monitored by tracking the loss in CD signal at 222 nm 41 . As shown in Figure 3c , the CD signal at 222 nm in case of Au NP-urease composite showed a large decrease in intensity compared to that for the native urease, which is a clear indication of the enzyme being unfolded when it was involved in nanoparticle synthesis. This was further evidenced from the FTIR spectra, where the characteristic amide I band in native urease shifted from 1650 cm 21 to 1635 cm 21 in Au nanoparticleurease composite (Supplementary Figure S17) signifying substantial perturbation in the enzyme structure 42 . The second derivative of the amide I band of urease showed peaks at 1656, 1644 and 1636 cm 21 corresponding to a-helix, disordered and b-sheet respectively, whereas in case of the enzyme reduced Au nanoparticles, these peaks were shifted to 1652, 1641 and 1634 cm 21 , with a decrease in intensity 41, 43 . Thus from fluorescence, CD and FTIR studies, it was clearly evident that there was a significant change in the structure of urease leading to partial inhibition of the enzyme activity.
Enzymes have a great structural complexity, as they are composed of several amino acid residues. The arrangement of these constituent amino acids into helices or sheets accounts for their structures with specific functionalities. Thus understanding the mechanism towards the growth of nanoparticles and subsequent structural and functional changes in urease is engrossing. It is established that cysteine has reducing as well as stabilizing capability for the generation of metal nanoparticles owing to high affinity of thiols for metals 44 . In enzymes also, cysteines have been postulated to be preferred sites for metal seeding and nanoparticle conjugation. Thus we assumed that the free and exposed cysteine groups in an enzyme could act as a reducing agent for the synthesis of metal nanoparticles. To support our assumption, the free cysteine groups in JBU were modified by reaction with 5,59-dithiobis(2-nitrobenzoic acid) (DTNB) in non-denaturating conditions 45 . The addition of HAuCl 4 to the DTNB modified urease, did not result in the formation of Au nanoparticles, clearly suggesting the involvement of cysteine in the formation of nanoparticles (Figure 3d ). The modification of the cysteine groups in urease was also evidenced by using FTIR, while observing the disappearance of a weak band at 2660 cm 21 in the Au nanoparticleurease composite, attributed to the S-H stretching mode in urease cysteine 14 (Supplementary Figure S19) . Interestingly, in case of heatdenatured urease, we observed faster growth of Au nanoparticles compared to the native enzyme, clearly indicating that it is not essential for the enzyme to retain its native structure for being used as a reducing agent.
The primary activity of urease is the decomposition of urea, resulting in the liberation of ammonia with a net increase in the solution pH, making the environment suitable for the growth of metal oxide nanoparticles. Hence, we explored the possibility of the production of a semiconductor material such as ZnO as a shell around the Au nanoparticle-enzyme composite taking advantage of the catalytic ability of urease. Under laboratory conditions addition of ammonia into a reaction medium containing metal salts resulted in the synthesis of metal oxide nanoparticles through condensation of the hydrolyzed product 46 . In the present method, although the urease activity was partially inhibited during nanoparticle synthesis, the hydrolysis of urea by Au nanoparticle-urease composite led to a homogeneous increase of the solution pH to 7.7 that has been exploited to synthesize ZnO nanoparticles. When Au nanoparticleurease composite was incubated with urea and zinc nitrate hexahydrate in water at room temperature, ZnO nanoshells with an average thickness of 2.1 6 0.4 nm were formed around the Au nanoparticles (Figure 4a ). The ZnO nanoshells showed high crystallinity as evidenced from the SAED pattern. The HRTEM image (Figure 4b ) clearly revealed the electron-dense core of Au surrounded by lesser dense shell of ZnO. The UV-visible spectrum of the Au@ZnO coreshell nanoparticles (Supplementary Figure S20) showed two distinct bands centred at 340 nm and 530 nm, characteristic of Au@ZnO core shell nanoparticles 47 . The intensity of the band at 530 nm decreased significantly and was red shifted by 8 nm compared to pure Au nanoparticles. The X-ray diffraction pattern (Figure 4c ) of the Au-ZnO core-shell nanoparticles suggested nanocrystalline structure of the ZnO nanoshells with wurtzite structure (JCPDS card no. 0-3-0888). Scherrer analyses of the (101) and (102) reflections were used to calculate the crystal diameters of ZnO and showed an average size of 11.3 nm, which was consistent with the overall diameter of Au-ZnO core-shell particles as measured by TEM. Along with the characteristic peaks of ZnO, one small reflection at 38.2u was observed, which is characteristic of (111) In order to have further evidence of Au-ZnO composite material with core-shell morphology, we performed the reduction of p-nitroaniline with NaBH 4 using Au-urease and Au@ZnO-urease as catalysts. It is well known that Au nanoparticles can be used as an efficient heterogeneous catalyst for the reduction of p-nitroaniline to 1,4-diaminobenzene in presence of NaBH 4 48 . It was found that the reaction was completed within 25 minutes when urease reduced Au nanoparticles were used as catalyst, as evidenced from the UV-visible spectrum (Figure 5a ). When the reduction was carried out in presence of Au@ZnO core shell nanoparticles synthesized by the present method, as catalyst, the reaction did not proceed substantially even after 10 hours (Figure 5b) . The results implied that due to the presence of ZnO shell on Au, the nanoparticles could not function as an efficient catalyst for the reduction reaction. A plot of logarithm of absorbance (ln A) for p-nitroaniline at 380 nm showed a linear decrease with time, confirming the reduction of p-nitroaniline, whereas in case of Au@ZnO core shell nanoparticles as catalyst, the plot of ln A versus time (Figure 5c ) showed that the reaction proceeded very slowly, which further confirmed that the Au nanoparticles were indeed coated with ZnO layer.
Discussion
In our synthetic methodology, the involvement of urease in reducing the metal salts and subsequent binding to the nanoparticle surface led to conformational changes in the enzyme. The result was the partial inhibition of urease activity due to which hydrolysis of urea by the nanoparticle-urease conjugate led to pH enhancement only to a slightly basic 7.7, whereas in case of native urease the solution pH increased to 9.0. To have an insight into the mechanism of synthesis of nanoparticles by urease, the reported crystal structure of the JBU was examined. Jack Bean Urease was the first enzyme to be crystallized and the first example of a nickel metalloenzyme 49 . Spectroscopic, crystallographic and theoretical studies [50] [51] [52] [53] have illustrated not only the molecular architecture and amino acid sequences in urease, but also the mechanism of enzymatic activity. It has been suggested that the essential cysteine residues serve as acid catalysts in the mechanism of action of urease 54 . According to earlier reports, of the 36 cysteines present in JBU, only 3 of them (Cys59, Cys207 and Cys592) are the exposed ones and chemical modification of these groups impairs its activity 51 (protein data bank entry 3LA4). Out of these, Cys592 is located on the mobile flap adjacent to the active site ( Figure 6b ) and plays a critical role in catalysis 50 . In the present study, we hypothesized that the involvement of Cys592 in the formation of metallic nanoparticles followed by formation of disulfide bonds resulted in the structural changes in the mobile flap. As the mobile flap is involved in the regulation of access to the active site containing the nickel centre, the structural modification of the Cys592 and subsequent attachment to the metal nanostructures through the Metal-S bond greatly influenced the flap loosing its mobility. In case of denatured urease, five other buried cysteine residues per subunit become exposed and more reactive 55 , accounting for the faster growth of metallic nanoparticles by denatured urease.
Although the conformational changes in the enzyme structure did not have any impact on the metallic nanoparticle synthesis, they had a definitive role in the formation of ZnO nanostructures. In case of native urease, Zn 21 binds on the negatively charged enzyme surface through electrostatic interaction at around pH 9. Previous reports have suggested the formation of zinc hydroxide intermediate under the basic conditions and further dehydration of these intermediates yield ZnO on the enzyme surface propelled by the "salting out" effect 56, 57 . In our case, the decomposition of urea by Au nanoparticle-urease composite led to an increase of solution pH to 7.7. Even at this near neutral conditions, the entropy enhancement due to the disruption of the hydration layer around urease (because of Zn 21 binding to the enzyme surface) was enough to convert Zn(OH) 2 to ZnO nanoshells.
In summary, we have demonstrated the use of urease as an effective biomolecular reactor towards the growth of metallic nanoparticles, metallic alloys and metal-metal oxide core-shell nanostructures under ambient conditions. The exposed cysteine residues in the enzyme were found to be responsible for the generation of metal and metallic alloy nanoparticles. Although there were conformational changes leading to partial inhibition of the enzyme activity during the nanoparticle synthesis, the activity of urease could still be employed for the synthesis of metal-ZnO core-shell nanoparticles. The use of urease as a reducing and stabilizing agent for the synthesis of nanoparticles demonstrates the practicability of this catalytic nanoreactor system as an alternative to the current environmentally harsh and energy-exhaustive methods for material synthesis. Further these studies will give a mechanistic intimation towards the capability of microorganisms such as fungus, virus and bacteria in synthesizing nanoparticles [58] [59] [60] . The proposed methodology can be extended easily towards the generation of a range of alloys and core-shell nanostructures involving metal and metal oxides. Further the immobilization and growth of these nanoparticle-enzyme composites on various substrates will afford opportunities for the development of technologically relevant systems.
Methods
Synthesis of metallic nanoparticles. Metallic nanoparticles were synthesized by incubating a solution containing 2 mg/ml enzyme solution, K 2 CO 3 and the appropriate metal salt (HAuCl 4 , AgNO 3 or K 2 PtCl 4 ) at 37uC with mild stirring for various times (6 hours for Au and Ag nanoparticles and 36 hours for Pt nanoparticles). The morphology of the nanoparticles and reaction time depended on the method of synthesis of nanoparticles. For example, when PBS buffer was used to maintain the pH of the medium to 7.4, instead of K 2 CO 3 the formation of Au nanoparticles required 48 hours.
Synthesis of alloy nanoparticles. The synthesis of all the alloy nanoparticles was carried out in 2.2 ml of 2 mg/ml enzyme solution containing 2.5 mg of K 2 CO 3 . In all the three cases, metal salts were added such that their individual concentration in the final solution was 2.7 3 10 24 M, and the resulting solution was stirred at 37uC for 24 hrs.
Synthesis of Au@ZnO Core-shell nanoparticles. The Au nanoparticle-urease composites (by reduction of HAuCl 4 with urease) were centrifuged and washed with water several times to remove any free enzyme unbound to the Au nanoparticle surface. The obtained pellet was re-dispersed in 0.1 M NaNO 3 . To 2 mL of the Au nanoparticle-urease composite solution, was added 10 mg of urea and 50 mL of 0.02 M Zn(NO 3 ) 2 ?6H 2 O and the reaction mixture was stirred at room temperature for 12 hrs.
Details of synthesis for individual metal nanoparticles are given in the supplementary information.
Characterization of nanoparticles. A Varian Cary 100 Bio spectrophotometer was used for UV-visible measurements. Emission spectra were recorded using a fluoromax-4p fluorometer from Horiba (Model: FM-100). Powder X-ray diffraction patterns (XRD) were recorded on a Bruker D8 Advance diffractometer with Cu Ka source (wavelength of X-rays was 0.154 nm). Transmission electron microscopy (TEM) images were recorded using a Philips CM 200 microscope and High resolution transmission electron microscope images were recorded using a JEOL JEM-2100 microscope at an operating voltage of 200 kv. FTIR spectra were recorded in KBr pellet using a Bruker Tensor 27 instrument. Circular Dichroism (CD) studies were performed using a JASCO J-815 spectropolarimeter. ICP-AES measurements were performed using instrument from M/s. Spectro, Germany (Model: Arcos). XPS spectra were recorded using an ESCA instrument: VSW of UK make. 
